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The classic view of a strictly cell-autonomous development in nematode embryos has been overturned in recent years with
the demonstration of various inductive interactions during early development of Caenorhabditis elegans. To examine how
conserved the pattern of embryonic cell specification is among nematodes, we have begun to study the pattern in other
species after selective elimination of certain early blastomeres. Here we report considerable differences in specification of
the gut lineage between C. elegans and Acrobeloides nanus, another free-living soil nematode belonging to the same order.
In C. elegans none of the early blastomeres is by itself able to establish a gut lineage for which an inductive interaction
between the somatic EMS cell and its germline sister P2 is required. In contrast, in A. nanus all blastomeres of the 3-cell
stage carry the potential to generate gut cells. Our data suggest that repressive interactions take place among blastomeres
to ensure that under normal conditions only one of them executes the gut fate. Thus, in related species of nematodes with
a very conserved morphology, the assignment of cell fate during early embryogenesis appears to involve quite different
strategies. © 1998 Academic Press
INTRODUCTION
Our understanding of the mechanisms involved in the
generation of an organism from a single cell is mostly based
on the study of a small number of model systems. These
have been selected because of their favorable properties for
research, in particular their easy culture in the laboratory,
rapid development, large number of progeny, and accessi-
bility for experimental interference. One organism in which
such features are particularly obvious is the nematode
Caenorhabditis elegans. Until about 10 years ago early
embryogenesis of C. elegans was considered a prominent
example for mosaic development where blastomeres are
specified by the differential segregation of developmental
potential (Laufer et al., 1980; Sulston et al., 1983). But the
picture has since changed dramatically as more and more
examples for inductive interactions have been revealed
even during the very first cleavage stages (reviewed by
Schnabel and Priess, 1997). One example is the specifica-
tion of the gut fate which involves an induction taking
place between the two sister cells called EMS and P2 (see
Fig. 1) in the early 4-cell embryo (Schierenberg, 1987;
Goldstein, 1992, 1993, 1995). As a result of this interaction
EMS divides asymmetrically to yield two somatic founder
cells MS and E, the latter forming the complete intestine.
The molecular basis of this induction is not well under-
stood yet, although recent findings show that genes ho-
mologous to those found in the Wnt/Wingless signaling
pathways are involved (Thorpe et al., 1997; Rocheleau et
al., 1997).
How representative model systems are of their taxa
because of the biased way they have been chosen has been
debated (Bolker, 1995). To obtain a better idea whether early
development as described for C. elegans is typical for
nematodes and to learn more about the evolution of cell
specification mechanisms, we have begun to study other
nematodes in comparison. Studies on postembryonic vulva
formation revealed considerable variations among different
nematode species (Sommer and Sternberg, 1996).
One suitable candidate for a comparative embryonic
study appears to be Acrobeloides nanus, another free-living
soil nematode belonging to a sister group of C. elegans
(Sudhaus, 1976). A. nanus (formerly named Cephalobus sp.;
Skiba and Schierenberg, 1992) shows considerable differ-
ences to C. elegans. It develops parthenogenetically and
embryogenesis takes much longer. A different order of cell
divisions leads to a variable and different spatial arrange-
ment of cells incompatible with certain cell–cell interac-
tions found in C. elegans. As another difference, blas-
tomeres remain connected to each other by large
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communication channels allowing the transfer of macro-
molecules (Bossinger and Schierenberg, 1996a).
In this paper we address the questions of whether in A.
nanus as in C. elegans (i) zygotic gene expression is not
required to allow development to more than a hundred
cells, (ii) the gut is generated clonally from a single cell
lineage, and (iii) distinct cellular interactions are required
for the specification of the gut fate.
MATERIALS AND METHODS
Worm Strains and Maintenance
Experiments were carried out with C. elegans strain N2 (wild
type), and with A. nanus (strain designation ES501; formerly named
Cephalobus sp.) which was originally isolated from a soil sample
from Porto Maldonado, Peru (Skiba and Schierenberg, 1992).
A. nanus and C. elegans were cultured on nutrient agar plates
with Escherichia coli, strain OP50, as a food source, essentially as
described by Brenner (1974).
Preparation of Embryos and Microscopic Analysis
C. elegans embryos were isolated by cutting open gravid her-
maphrodites in a drop of distilled water. A. nanus embryos (which
are usually laid as 1-cell stages) were collected from agar plates
(floated with distilled water) with a drawn-out Pasteur pipet.
Embryos of appropriate stages were selected under the dissecting
microscope, rinsed several times, and finally transferred in a drop of
distilled water to a polylysine-coated slide (Cole and Schierenberg,
1986). After the eggs had firmly attached to the slide, distilled
water was replaced by different mixtures of cell culture media (see
below) depending on the experiment to be performed. Embryos
were covered with a coverslip sealed with Vaseline on the edges to
prevent desiccation. Development was observed with Nomarski
optics with a 1003 Plan objective and recorded on VHS video tape
in time lapse mode (factor: 123–563). To facilitate cell lineage
studies in the slowly developing A. nanus embryo, the focus knob
of a Zeiss Universal microscope was attached to a slow-running
reversible motor, resulting in continuous optical sectioning of the
embryo (one cycle up and down through the embryo/minute).
Antibody staining and endocytosis of fluorescently labeled trans-
ferrin (see below) were analyzed with epi-illumination (100 W
mercury bulb) under a Leica DM IRBE inverted microscope
equipped with a 1003 Fluotar oil-immersion objective.
Cell Culture
Manipulated embryos were cultured in growth media to support
closure of the vitelline membrane underneath the eggshell (func-
tioning as chemical barrier; Schierenberg and Junkersdorf, 1992)
necessary for normal development.
Two different media were used. EGM (embryonic growth me-
dium) supports embryonic development better and TBM (trypan
blue medium) gives best results for the penetration of the eggshell
with a laser microbeam (see below). In contrast to C. elegans, in
A. nanus none of the media supports differentiation of isolated
blastomeres outside the protective vitelline membrane.
EGM contains over 20 different components and is essentially
prepared as described by Edgar (1995). However, we replaced 1250
ml of “amino acid stock” by 600 ml Grace amino acids (Sigma)
(Edgar and Wood, 1993).
The TBM composition was also adapted from Edgar (1995). Six
hundred microliters of Leibovitz L-15 medium (Gibco) was freshly
mixed with 100 ml inulin (Sigma) stock solution (5 mg/ml), 100 ml
0.25 M Hepes (pH 7.4), 10 ml Base-Mix (from EGM), 10 ml
penicillin–streptomycin stock solution (Gibco) and 20% FCS
(Gibco). Trypan blue (8 mg/ml, Sigma) was dissolved in this
medium and the resulting solution was centrifuged to remove any
precipitates.
Laser Micromanipulation
One-cell C. elegans and A. nanus embryos were mounted as
described above on polylysine-coated slides and the distilled water
was then replaced by TBM (see above). The blue stain allowed
absoption on the eggshell of laser-beam light of the complementary
color (laser dye: rhodamine 6G). A prominent hole was burned into
the eggshell by pulsing repeatedly with an N2-pumped dye laser
(Lambda Physik, Go¨ttingen) coupled to a microscope (Laufer and
von Ehrenstein, 1981). Thereafter, TBM was replaced by EGM and
the slides were cultured at room temperature until embryos had
reached the desired cell stages for experimental interference.
For cell ablation experiments embryos fixed to polylysine-coated
slides were kept in EGM. Cells were ablated by repeated short
pulses of a laser microbeam (laser dye: BiBuQ; absorption maxi-
mum 386 nm).
Cell Extrusions
By gentle pressure on the coverslip cells were squeezed out of the
eggshell and detached from the remainder of the embryo (Schier-
enberg and Wood, 1985). Blastomeres were not always removed
completely, leaving small fragments (,10%) behind (see e.g., Fig.
4), However, in each type of experiment at least some embryos
were generated where the desired cell was removed completely.
Embryos were cultivated at 25°C in humid chambers until they
had reached their terminal phenotype (C. elegans, 12–15 h; A.
nanus, 72–96 h). Gut differentiation was assayed as described
below.
Endocytosis of Transferrin
The use of transferrin to visualize endocytosis of the nematode
gut primordium has been described by Bossinger et al. (1996). The
eggshell was stained with TBM supplemented with 0.1 mg/ml
Texas red-coupled transferrin (Molecular Probes) and the vitelline
membrane was temporarily penetrated by extensively irradiating a
spot on the eggshell with a laser microbeam. Afterward, TBM was
replaced by EGM containing 0.1 mg/ml Texas red-coupled trans-
ferrin and the embryos were incubated for 30 min at room tem-
perature. Then they were washed twice with EGM and endocytosis
of transferrin was analyzed with epifluorescence at 515–565 nm.
Inhibition of Transcription and Translation
Eggshell and the underlying vitelline membrane were laser-
perforated as described above except that to TBM and EGM 150
mg/ml a-amanitin was added as an inhibitor of mRNA synthesis
(Edgar et al., 1994) or 5–15 mg/ml cycloheximide as an inhibitor of
translation (Reape and Burnell, 1992). Trypan blue was removed by
replacing TBM with EGM. Embryos were cultivated until they had
reached their terminal phenotypes (see above). Control embryos
were incubated in inhibitor-free media.
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Antibody Staining
Embryos were prepared for antibody staining using the
methanol/acetone fixation method described by Strome (1986).
Slides were washed in PBS with 0.1% Tween 20 and antibodies
were applied in PBS–Tween with 5% FCS as a blocking agent. To
visualize differentiated gut cells in A. nanus we used the monoclo-
nal antibody 1CB4 to stain the intestine (Okamoto and Thomson,
1985). Differentiation of pharyngeal muscle cells in C. elegans was
visualized with the monoclonal antibody 3NB12 (Priess and Thom-
son, 1987). As secondary antibody we used a rabbit anti-mouse–
DTAF conjugate (Dianova), visualized at an excitation wavelength
of 450–490 nm. Nuclei were stained by adding diamidinophenylin-
dole (DAPI; 1mg/ml; Sigma) to one of the PBS washes. Preparations
were finally embedded with PBS:glycerol 1:1 containing 1 mg/ml
p-phenylenediamine (Sigma) as antifading agent (Johnson and de C.
Nogueira Araujo, 1981).
Video Recording and Documentation
Embryos were recorded on VHS video tape (Panasonic, AG-6720)
with a CCD camera (Panasonic, WV-CL700 without infrared filter).
With a control unit (Panasonic, WV-CU 204) the light sensitivity of
the camera could be increased by accumulating images on the
video chip (Bossinger and Schierenberg, 1992). With an image
processor (Hamamatsu, Argus-10) the quality was further im-
proved. Selected images of the recorded specimens were printed
directly with a video-copy processor (Mitsubishi, P66E).
RESULTS
Embryogenesis of A. nanus
Early development of A. nanus (formerly named Cepha-
lobus sp.) has been described by Skiba and Schierenberg
(1992). Here we summarize and extend these findings as far
as relevant for understanding the experiments reported
below.
A. nanus develops parthenogenetically, all individuals
are female, oocytes are activated without sperm, and eggs
are usually laid in the 1-cell stage. Embryogenesis is sever-
alfold slower than in C. elegans and early cleavages occur in
about 90-min intervals. Overall, embryogenesis takes 50 to
60 h (C. elegans, about 12 h) at 25°C. As in C. elegans, a
series of unequal cleavages leads to a stepwise separation of
soma and germline, and the establishment of five somatic
founder cells (AB, MS, E, C, D) plus the primordial germ cell
P4. However, the sequence of cleavages differs from C.
elegans in that germline divisions take place relatively
earlier. This results in the appearance of the primordial
germ cell already in the 6-cell stage, while in C. elegans this
cell is present only in the 24-cell embryo (Figs. 1 and 2).
This and the absence of the reversal of anterior–posterior
cleavage polarity in P2, typical for C. elegans (Schierenberg,
1987) lead to a different and variable arrangement of cells.
As a consequence of compensatory cell migrations all
variants merge into a single pattern prior to the onset of
gastrulation. In contrast to C. elegans, prominent nucleoli
indicative of zygotic rRNA synthesis are present in all early
blastomeres from the 3-cell stage onward (Fig. 2).
Early Cleavage in A. nanus Requires Zygotic Gene
Activity
The differences in the presence of nucleoli prompted us to
investigate the role of early transcription in both nematodes.
For this, 1- to 6-cell embryos of A. nanus and C. elegans were
exposed to a-amanitin, an inhibitor of mRNA synthesis.
FIG. 1. Early cell lineages of C. elegans and A. nanus. Divisions from the zygote P0 up to the generation of the primordial germ cell P4
and selected developmental stages are shown (gray, gut precursor cells). As indicated by the time scale, A. nanus develops several times
slower than C. elegans. Cells drawn to the left in the lineage tree take anterior and those to the right take posterior positions. Note that
in C. elegans with the division of P2 cleavage polarity in the germline is reversed, such that the new germline cell occupies an anterior
position. This polarity reversal is absent in A. nanus. The sequence of early cell divisions given below the lineage tree differs considerably
between the two species.
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Under these conditions C. elegans embryos performed an
essentially normal early cleavage program but arrested as
120- to 150-cell stages without any signs of tissue differen-
tiation (n 5 21) as described earlier (Edgar et al., 1994). In
contrast, early treated A. nanus embryos arrested after a few
cleavages mostly at the 5-cell stage (n 5 68), coinciding well
with the appearance of nucleoli as markers of rRNA syn-
thesis. The vast majority of these embryos expressed a
specific abnormality in their cleavage sequence. The ex-
pected divison of AB (the first somatic cell division) in the
4-cell stage did not take place. However, the next division
to come, that of P3 into the somatic founder cell D and the
primordial germcell P4 (for comparison, see Fig. 1) was
executed before arrest, suggesting differential requirements
for transcription.
From our findings we conclude that A. nanus must
initiate zygotic transcription during the very first cleavage
steps, while in C. elegans maternal gene products are
sufficient to allow development well beyond the establish-
ment of individual cell lineages.
We also tested the requirement for early protein synthesis
in C. elegans and A. nanus by treating them with cyclohex-
FIG. 2. Normal development and gut formation in A. nanus. (A) 3-cell stage, arrowheads point to nucleoli in AB and P2; (B) 5-cell stage;
(C) 9-cell stage shortly after the birth of MS and E; (D) 26-cell stage, onset of gastrulation with immigration of the two large E cells. Note
their apparent gain of volume compared to the size of the one E-cell in C; (E) 2-E-cell stage (asterisks mark E cells); (F) 4-E-cell stage; (G)
gut primordium consisting of 16 E cells in the posterior half of the embryo at the beginning of visible morphogenesis. Arrowheads point
to anterior and posterior margins of the gut primordium. (H) “tadpole” stage with granula-rich gut primordium (arrowheads mark its
anterior margin) in the elongated posterior part of the embryo. (I) larva prior to hatching: with terminal bulb (arrow) at the posterior end
of the pharynx and posteriorly located intestine (arrowheads point to the margins of the gut). Nomarski optics. Images are from different
embryos. Specimens were squeezed for better visibility of cell contours. Orientation: anterior, left; dorsal, top. Bar, 10 mm.
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imide, an inhibitor of translation. As expected, embryos of
both nematodes arrested either immediately after drug
application or one cell division later. This result may reflect
the need for cyclin synthesis as a prerequisite for cell cycle
progression (Murray, 1989).
In A. nanus the Gut Is derived from the E Cell as
in C. elegans
In C. elegans the gut derives exclusively from the progeny
of a single blastomere called “E” (Fig. 1). To determine
whether this is also true in A. nanus, we followed the
development of the E-lineage from the beginning up to the
stage when a prominent gut primordium is present in the
early “morphogenesis phase” and the ball of several hun-
dred cells starts to stretch into a worm.
As in C. elegans the E blastomere in A. nanus derives
from an asymmetric division of EMS into an anterior MS
and a posterior E cell (Fig. 2C). In the 14-cell stage, approxi-
mately 2.5 h after the EMS division E cleaves into an
anterior Ea and a posterior Ep (Fig. 2D). Approximately 10 h
after the first cleavage, gastrulation starts with the invagi-
nation of the two E cells. Unlike C. elegans, these cells
occupy a larger and more anterior area inside the A. nanus
embryo (Fig. 2E). About 3 h later the 4-E-cell stage is
reached (Fig. 2F) and another 4 h later the 8-E-cell stage. The
8 E cells with large, prominent nuclei form two parallel
rows in the posterior half of the embryo. The cells of the gut
primordium can be easily recognized by their prominent
size and high content of refractile granules.
Approximately 20 h after the first cleavage the 16-E-cell
stage (Fig. 2G) is reached. Soon afterward the embryo starts
to stretch into a worm (“morphogenesis phase”) by forming
a ventral indentation (Fig. 2H). Additional cleavages were
observed in the anterior and posterior region of the 16-
celled gut primordium (as in C. elegans) but the complete
lineage could not be assessed because the A. nanus embryo
is less transparent than C. elegans. Antibody staining (Fig.
3I) reveals that the juvenile ready to hatch (Fig. 2I) usually
contains 22 gut cells (C. elegans has 20 gut cells, Sulston et
al., 1983). To further support our notion that the gut is
exclusively derived from the E cell, we ablated this cell
immediately after its birth and looked for gut-specific cell
differentiation using two markers described in the follow-
ing paragraph. Such embryos developed to several hundred
cells but none (0/11) expressed signs of gut differentiation
while the normally much later arising pharynx differentia-
tion (antibody 3NB12) became clearly visible.
Gut Differentiation Can Be Visualized with
Transferrin and Antibody Staining
In C. elegans gut differentiation can easily be visualized
by the presence of birefringent and autofluorescent gut
granules (Babu, 1974; Laufer et al., 1980; Bossinger and
Schierenberg, 1992). In A. nanus both of these markers are
absent. Recently, we described that differentiation of the
gut primordium in C. elegans as well as in A. nanus
embryos can be assayed by taking advantage of its endocy-
totic activity, which leads to the accumulation of fluores-
cently labeled transferrin (Bossinger et al., 1996).
Beginning with the 2-E-cell stage when approximately 44
cells are present, the endocytotic marker starts accumulat-
ing in the two central E cells (3B). The endocytotic property
persists through all of embryogenesis exclusively in the
cells of the E lineage (Figs. 3E and 3H). In C. elegans
transferrin uptake starts considerably later in the division
sequence, at the 16-E-cell stage.
As a second marker for gut differentiation we used the
monoclonal antibody 1CB4 which recognizes gut cells in C.
elegans (Okamoto and Thomson, 1985). Also in A. nanus
this antibody visualizes the gut primordium from the
16-E-cell stage (Fig. 3F) onward. Late in morphogenesis it
distinctly outlines the intestinal cells. In addition, it marks
a group of four “intestinal valve cells” (intestinorectal valve
cells, Sulston et al., 1983; Fig. 3I), which do not show
endocytotic activity.
Gut Specification in A. nanus Does Not Depend on
Inductive Interactions
Gut differentiation in C. elegans depends on an inductive
interaction between P2 and EMS in the early 4-cell embryo
(Schierenberg, 1987; Goldstein, 1992). This induction ap-
pears to depend on direct cell–cell contact via membrane-
bound molecules (Thorpe et al., 1997; Rocheleau et al.,
1997). It can be inhibited not only by removal of P2 (see
above) but also with certain dyes such as trypan blue
(Bossinger and Schierenberg, 1996b).
To investigate whether gut differentiation in A. nanus
requires the same kind of induction as in C. elegans, we
extruded P2 within the first few minutes after completion
of cell division (Fig. 4B) or even during cytokinesis, thus
separating P2 from EMS as early as possible. After 3 days of
development during which partial embryos had reached
terminal phenotypes with several hundred cells (Fig. 4C),
they were analyzed for gut differentiation. All of them
(19/19) expressed both markers of gut differentiation (Figs.
4D and 4E). The same result (15/15) was obtained after
extrusion of the germline cells P3 and P4. Sometimes such
embryos even hatched (data not shown).
In control experiments with C. elegans we eliminated P2
in early 4-cell stages (Fig. 5). We found that differentiation
of gut cells was inhibited when more than approximately
80% of the P2 cell including the nucleus was extruded
(15/15). Embryos developed into nonhatching monsters
with muscle twitching and programmed cell deaths. Our
observations indicate that the absence of gut tissue is not
due to experimental damage of the EMS cell because
pharyngeal muscle cells (an indicator of MS derived differ-
entiation) were found in these embryos (Fig. 5D).
Next we asked if the other cell present in the 3-cell stage,
AB, might induce EMS to generate gut. We therefore re-
moved AB. Sixty percent (24/40) of those embryos which
developed to more than a hundred cells showed gut differ-
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entiation as visualized by endocytosis and antibody stain-
ing (data not shown).
Our finding that most embryos without AB developed gut
markers could mean either that no induction is required or
that an inductive interaction takes place earlier between AB
and the mother cell of EMS, i.e., the germline cell P1.
Therefore, we extruded AB already in the 2-cell stage. From
those embryos which did not arrest early (Fig. 6C), 72%
(32/44) expressed both gut markers (Figs. 6 D and 6E).
This result suggests that gut differentiation in EMS
descendants does not depend on an interaction with either
AB or the germline cells. Alternatively, a redundant cell-
signaling mechanism could be involved where either AB or
P2 is sufficient to induce gut.
Support for the first alternative comes from laser abla-
tions where we killed AB and P2 in early 3-cell stages. Ten
of 17 of the partial embryos derived from EMS alone
developed gut differentiation as assayed by endocytosis of
transferrin and antibody staining. The 7 embryos in this
experiment lacking gut markers arrested as balls of undif-
ferentiated cells.
In A. nanus Gut-Forming Potential Is Also Present
in AB
To determine whether under experimental conditions gut
cells can derive from other blastomeres than EMS, we
removed P1 and tested the differentiation potential of
isolated AB cells. In C. elegans we never found differenti-
ated gut cells (0/11) under these conditions consistent with
earlier results (Laufer et al., 1980; Goldstein, 1993).
In A. nanus, however, 68% (34/50) of the embryos derived
from AB alone (Fig. 7B) expressed gut-specific differentia-
tion markers (Figs. 7 E and 7F). Most of these embryos
contained the normal number of 22 gut cells, but in some
specimens around 40 or even 60 blastomeres expressed gut
FIG. 3. Gut differentiation in A. nanus. (A) Embryo after immigration of the two E cells (arrowheads). (B) Fluorescently labeled transferrin
specifically accumulates in the E cells. (C) Gut-specific antibody (1CB4) does not yet visualize intestinal precursor cells. (D) 16-E-cell stage,
some anterior blastomeres have leaked out after laser perforation of the eggshell. (E) Accumulation of transferrin in the gut primordium.
(F) Antibody diffusely stains the gut primordium. (G) Tadpole stage. (H) Accumulation of transferrin in the gut primordium. (I) Somewhat
later stage than G; antibody outlines the cells of the intestine; arrowheads point to four intestinal valve cells which are also recognized by
this antibody. First column, Nomarski optics; second and third columns, epifluorescence. Images in each row show same embryos at same
stages, except I. Orientation: anterior, left; dorsal, top. Bar, 10 mm.
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markers. In all experiments only a minor subpopulation of
the AB cells developed gut characteristics.
In 20/30 embryos the AB cell produced gut tissue even
when the daughters of P1 (EMS and P2) were removed. This
demonstrates that the ectopic gut-forming potential per-
sists in AB at least to the 3-cell stage.
In addition to gut cells the antibody 1CB4 marked the
four intestinal valve cells lacking endocytotic properties
(Fig. 7F) which are normally formed at the posterior end of
the developing gut (Fig. 3I). In C. elegans they originate
from ABp (Sulston et al., 1983) and are also recognized by
this antibody (Bowerman et al., 1992; Miller and Shakes,
1995). Their formation requires communication between
ABp and P2. Removal of P2 or defects in genes of the
signaling cascade results in the absence of these cells
(Bowerman et al., 1992; Hutter and Schnabel, 1994; Mango
et al., 1994; Mello et al., 1994; Moskowitz et al., 1994).
In A. nanus due to the differences in the early cleavage
pattern (Figs. 1 and 2) AB descendants never contact P2.
Consistently, we find normal differentiation of the four
intestinal valve cells in descendants of isolated AB blas-
tomeres (Fig. 7). This provides a second example (in addi-
tion to the absence of gut induction described above) for an
apparent cell-autonomous mechanism in A. nanus, while
C. elegans requires inductive interactions for both cell
specification processes.
In A. nanus Gut-Forming Potential Is Also Present
in P2
Since as shown above, in the 3-cell stage AB and EMS
both carry the potential to form differentiated gut cells, we
asked whether P2 also bears gut potential if cultured in
isolation. For this we extruded AB and EMS in the early
3-cell stage, leaving only P2 inside the eggshell. The sur-
vival rate after this manipulation is very low and most
embryos arrest after two or three cell divisions. Therefore,
from several dozen attempts we only obtained four surviv-
ing embryos in which the isolated P2 cell reached more than
50 cells (in C. elegans P2 generates 70 embryonic cells;
Sulston et al., 1983). Two of these developed differentiated
gut cells (Fig. 8).
In C. elegans we never observed gut differentiation in
isolated P2 cells (0/13), consistent with similar observations
by Goldstein (1993).
In summary, these findings indicate that in A. nanus all
blastomeres of the 2- and 3-cell stage are able to generate
gut cells if cultured individually (Fig. 9), in contrast to C.
elegans where none of the early blastomeres can form
intestine by itself. Because under normal conditions gut is
exclusively derived from descendants of the E cell, inhibi-
tory interactions must be postulated (see Discussion). To
determine at what developmental stage the interactions
that prevent AB and P2 from producing gut are completed,
we ablated EMS at different time points. From the 5-cell
stage onward AB and P2 descendants have lost their gut-
forming potential (n 5 26).
FIG. 4. Gut differentiation in A. nanus after removal of P2. (A)
2-cell stage shortly before P1-cleavage. (B) P2 has been removed
immediately after completion of cytokinesis, leaving behind only a
small cytoplasmic fragment (arrowhead). (C) Terminal phenotype.
(D) Fluorescently labeled transferrin accumulates in the gut pri-
mordium. (E) Gut-specific antibody 1CB4 marks gut primordium.
(F) DAPI staining indicates linear arrangement of large gut cell
nuclei. A–C, Nomarski optics; D–F, epifluorescence. Orientation:
anterior, left; dorsal, top. Bar,10 mm.
FIG. 5. In C. elegans removal of P2 abolishes gut differentiation.
(A) 4-cell stage after removal of P2. (B) Terminal phenotype. (C)
Absence of endocytotic activiy indicates failure of gut differentia-
tion. (D) Differentiation of pharyngeal muscle cells visualized by
antibody 3NB12. A–D, same embryo; B–D, same stage. A and B,
Nomarski optics; C and D, epifluorescence. Orientation: anterior,
left; dorsal, top. Bar,10 mm.
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DISCUSSION
Maternal Supply and Zygotic Gene Activity
The onset of zygotic transcription varies considerably
among embryos of different species ranging from the 2-cell
stage in mouse to several thousand cells in frog (reviewed in
Davidson, 1986).
In C. elegans transcription can be detected already as
early as the 4-cell stage (Seydoux and Fire, 1994) but
inhibition with a-amanitin shows that this is not required
to perform the typical series of early unequal divisions
separating soma from the germline and further cleavage to
more than 100 cells (Edgar et al., 1994). However, inhibition
of zygotic gene expression after injection of specific anti-
sense RNA interferes with the establishment of the gut
lineage pattern (Powell-Coffman et al., 1996). Different
from C. elegans, we found that in A. nanus only a few
additional cleavages take place after application of
a-amanitin.
The fact that in arresting 5-cell stages the cleavage of the
AB cell is omitted while P3 divides on time indicates that
transcription may first become necessary in somatic cells,
whereas the embryonic cleavage program of the germline
can be completed without it, due to a sufficient supply of
maternal gene products. This difference between soma and
germline is reminiscent of the situation in C. elegans:
analysis of pie-1 mutants demonstrates that absence of
transcription in the germline is necessary in the early
embryo to prevent transformation into somatic cells (Mello
et al., 1992; Seydoux et al., 1996; Seydoux and Dunn, 1997).
It is probably the massive supply of maternal gene prod-
ucts which allows the rapid cell cycle progression found in
C. elegans (and other model systems like Drosophila,
Xenopus, and Danio). A question which deserves further
attention is whether in A. nanus the lack of maternal
support and the slower development are causally related to
the different pattern of cell specification we report here.
Timing and Visualization of Gut Differentiation
Earlier investigations on gut formation in C. elegans
(Schierenberg, 1987; Goldstein, 1992) were facilitated by
two easily detectable markers, a bluish autofluorescence
and birefringent rhabditin granules (Babu, 1974; Deppe et
al., 1978; Laufer et al., 1980). Both of these markers are
absent in A. nanus. To study gut differentiation in this
nematode we took advantage of the endocytotic property of
the gut (Fig. 3) reported earlier (Bossinger and Schierenberg,
FIG. 6. Gut differentiation in A. nanus after removal of AB. (A)
2-cell stage. (B) Isolated P1 cell after removal of AB. (C) Terminal
phenotype. (D) Fluorescently labeled transferrin marks gut cells;
weak fluorescence in some non-gut cells (arrowhead) is due to cell
damage during laser penetration of the eggshell. (E) Gut-specific
antibody 1CB4 marks the same cells as transferrin in D. (F) DAPI
staining visualizes the presence of more than hundred cells. A–C,
Nomarski optics; D–F, epifluorescence. Orientation: anterior, left;
dorsal, top. Bar,10 mm.
FIG. 7. Gut differentiation in descendants of isolated AB cell in A.
nanus. (A) 2-cell stage. (B) Isolated AB after extrusion of P1. (C)
Terminal phenotype. (D) Early descendants of the extruded P1. (E)
Endocytosis of fluorescently labeled transferrin demonstrates ec-
topic gut differentiation in the descendants of AB. (F) Antibody
1CB4 visualizes the same cells as transferrin in E plus the four
small intestinal valve cells (arrowhead) with no endocytotic prop-
erty. A–D, Nomarski optics; E and F, epifluorescence. Orientation:
anterior, left; dorsal, top. Bar, 10 mm.
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1992; Bossinger et al., 1996). In A. nanus gut-specific
endocytosis arises at a remarkably early stage when only
two gut precursor cells are present (see Fig. 3B), while in C.
elegans this process can first be visualized much later (16
E-cells) when most gut cells have completed their embry-
onic cleavage program. Thus, the pattern in A. nanus
demonstrates that cleavage and differentiation can widely
overlap during nematode embryogenesis. However, because
of its much slower development in absolute time, gut
differentiation in A. nanus becomes visible considerably
later than in C. elegans (13 h vs 4 h after first division). This
suggests that the timing for gut differentiation is not
coupled to the developmental stage reached.
A different example is provided by the second gut marker
we used. In C. elegans the monoclonal antibody 1CB4
recognizes gut cells plus some additional structures includ-
ing the intestinal valve cells (Bowerman et al., 1992; Miller
and Shakes, 1995). In A. nanus this antibody not only marks
the same structures but these also start to be detectable at
the same stage, indicating that not all aspects of differen-
tiation appear at different developmental stages in these
two species.
Cell Autonomy of Development
Gut induction in C. elegans is a rapid process requiring
only a few minutes of cell contact in the middle of the EMS
cell cycle (Goldstein, 1995). Therefore, in experiments with
A. nanus we removed P2 early, in several cases immediately
after the completion of cytokinesis. The usefulness of the
method applied to remove blastomeres was subject of
debate in the past. While removal of the germline cell P2
through a laser-induced hole in the eggshell was found to be
sufficient to inhibit gut differentiation in C. elegans
(Schierenberg, 1987), different results were obtained after
cell extrusion with the help of a microneedle (Priess and
Thomson, 1987). Here, we repeated early P2 extrusions in
larger numbers and reproducibly inhibited gut formation
while other markers of differentiation developed (Fig. 5).
Thus, our data reliably reflect the requirement for gut
induction in C. elegans in accordance with results from
recombination experiments with isolated blastomeres
(Goldstein, 1992).
In contrast to C. elegans, in A. nanus isolated AB and P2
can autonomously generate gut cells. Because we were not
able to remove these two cells from a single embryo
(leaving only EMS behind) and the culture medium does not
support differentiation of extruded A. nanus blastomeres,
we could not test EMS in isolation. However, our results
(see Fig. 9) strongly suggest that also EMS carries gut
FIG. 8. Gut differentiation in descendants of isolated P2 cell in A.
nanus. (A) 3-cell stage. (B) Isolated P2 cell. (C) Terminal phenotype.
(D) Fluorescently labeled transferrin marks differentiated gut cells.
(E) Antibody ICB4 visualizes same cells as transferrin in D. (F)
DAPI staining. A–C, Nomarski optics; D–F, epifluorescence. Ori-
entation: anterior, left; dorsal, top. Bar, 10 mm.
FIG. 9. Ubiquitous and cell-autonomous gut-forming potential in
A. nanus embryos. Summarizing scheme shows that partial em-
bryos after elimination of various blastomeres retain the potential
to generate gut cells. X, blastomere removed; jagged arrow, blas-
tomere killed by ablation.
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potential because its mother cell P1 does so and gut differ-
entiation is possible in the absence of either P2 or AB and
after ablation of both of them.
With the formation of intestinal valve cells in isolated AB
cells we found a second case of cell specification lacking
induction. Thus, at least two well-established examples of
tissue-specific differentiation requiring inductive cell inter-
actions in C. elegans appear to be autonomous in A. nanus.
However, as discussed in the model below, our observations
indicate that restrictive cell–cell interactions are necessary
for correct cell specification in this nematode.
Inhibitory interactions which may be related to those
suggested here have been described in the C. elegans
embryo. However, there they appear to be balanced com-
pletely by counteracting inductions leading to the bizarre
situation that blastomeres behave autonomously in isola-
tion but are exposed to conflicting signals in the embryo
(Schnabel, 1994, 1995).
Ectopic Gut Potential in AB and P2
In C. elegans, mutants have been isolated which generate
gut cells in descendants of P2 or AB. This has been attrib-
uted to lineage transformations such that in intact embryos
AB and P2 express at least in part characteristics of the EMS
cell (Mello et al., 1992; Lin et al., 1995). It would be of
interest to know whether ectopic gut differentiation in A.
nanus is also due this kind of lineage transformations.
Therefore, we looked at the cleavage behavior of isolated
blastomeres. Unfortunately, cells in A. nanus are not as
transparent as in C. elegans due to a larger amount of yolk
granules. In addition, embryos which have been laser-
penetrated to remove blastomeres cannot be squeezed
much for better visibility without damage. Nevertheless,
our observations on isolated AB cells make clear that no
lineage transformations into EMS, P1, or P0 take place.
Isolated P2 cells produced similar cell numbers as under
normal conditions. In most cases a coherent group of about
20 gut cells was produced by the large AB as well as by the
small P2 cell in a background of non-gut cells. It therefore
seems likely that these gut cells are derived from a single
precursor cell. In those embryos where more than the
normal number of ectopic gut cells was produced in AB, it
was a multiple (approx 40 or 60) of the usual number and
the cells were significantly smaller. This demonstrates that
the strict correlation between lineage-specific cell division
program and differentiation found in C. elegans is not
obligatory.
Model for Gut Specification in A. nanus
We found that all blastomeres in the 3-cell embryo of A.
nanus are able to generate gut cells, while under normal
conditions only descendants of EMS execute this fate.
This suggests that in the A. nanus embryo the gut-
forming potential is a default state which becomes re-
stricted to EMS, while AB and P2 are inhibited to form this
tissue. In C. elegans gut differentiation depends on an
induction involving components of the Wnt/Wingless path-
way (Thorpe et al., 1997; Rocheleau et al., 1997) and the
default state of the uninduced EMS cell is mesoderm-like
(Goldstein, 1995).
A simple model consistent with the presented results is
depicted in Fig. 10. It assumes that a gut-specifying deter-
minant present in P0 is equally distributed among the early
blastomeres. Consequently, AB, EMS, and P2 are equally
able to produce gut autonomously. Beginning with the
3-cell stage EMS signals its neighbors not to differentiate
along the gut pathway. A lateral inhibition could be
achieved at least by two mechanisms. One possibility
involves membrane bound molecules which in C. elegans
(Mello et al., 1994) and other systems (Artavanis-Tsakonas
et al., 1995) account for multiple intercellular signaling
events. A second possibility includes the large communi-
cation channels in A. nanus which are established in the
3-cell stage and which allow the passage of macromolecules
(Bossinger and Schierenberg, 1996a). A gut-specifying deter-
minant could accumulate in EMS and be depleted in the
other cells. Such a transfer would mimic an induction since
gut determinants are transferred to the gut precursor EMS
FIG. 10. Model for gut specification in A. nanus. The pre-
sented data are consistent with an equal distribution of gut-
forming potential (striation) to all blastomeres of the 3-cell
stage. Restriction to the EMS cell could be due to lateral
inhibition via receptor–ligand interaction (I) or transfer of cyto-
plasmic determinants from the peripheral cells into EMS (II).
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but would primarily be necessary to prevent ectopic gut
differentiation in P2 and AB.
In C. elegans induction of gut and of pharyngeal muscle
cells, which both involve a cell surface receptor–ligand
mechanism (Hutter and Schnabel, 1994; Mello et al., 1994)
can successfully be blocked with trypan blue (Bossinger and
Schierenberg, 1996b). In A. nanus we have not been able to
prevent gut differentiation in EMS descendants with this
dye, consistent with our view of a cell-autonomous mecha-
nism. However, ectopic gut differentiation in AB and/or P2
descendants was not found under such conditions which
may be interpreted as an argument against lateral inhibition
via cell surface molecules.
In this paper we present evidence that the way in which
the gut fate is specified in A. nanus differs considerably
from that in C. elegans. The concerted investigation of a
small number of model systems, which have contributed so
much to our understanding of developmental processes, at
the same time veils the vision against seeing the diversity
of developmental strategies. It is therefore intriguing to
discover that in related species of soil nematodes, with a
very conserved morphology, the asssignment of cell fate
during early embryogenesis involves quite different strate-
gies. From comparative studies on postembryonic vulva
formation in several nematode species similar conclusions
have been drawn (Sommer and Sternberg, 1996).
By further studying such cases and by looking for other
examples in these two and other nematode species we
expect to learn more about the evolution of cell-
specification mechanisms. In particular, several central
questions remain to be elucidated. How much does A.
nanus really differ from C. elegans overall? Are all induc-
tive interactions found in the early C. elegans embryo
absent in A. nanus? What roles do genes involved in cell
communication and specification in C. elegans then play in
A. nanus? Which changes took place on the molecular level
during the evolution of rhabditid nematodes?
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